Toll-like receptors (TLRs) are essential for the recognition of distinct pathogen-associated molecular patterns (PAMPs). Activation of TLRs induces intracellular signaling pathways which lead to the production of pro-inflammatory cytokines, chemokines, and interferon (IFN)-inducible genes. TIR domain containing adaptor molecules in turn determine the signaling specificity of the response. Recent studies demonstrated that serine/threonine kinases IKK-i/TBK1 are critical for the regulation of IFN-β as well as IFN-inducible genes. In response to lipopolysaccharide (LPS), transfection of poly(I:C) and viral infection, embryonic fibroblasts (MEFs) derived from TBK1deficient (TBK1 -/-) mice show impaired production of IFN-inducible genes, but not proinflammatory cytokines. Although IKK-i -/mice show normal production of these genes, MEFs from IKK-i/TBK1-doubly deficient mice were completely defective in the induction of IFN-β as well as IFN-inducible genes in response to poly(I:C) stimulation. Activation of IFN-regulatory factor (IRF) 3 in response to LPS and poly(I:C) was abolished in IKK-i/TBK1 doubly deficient cells. Interestingly, intracellular transduction of poly(I:C) initiates activation of IFN response in a TLR3-independent manner. These observations demonstrate that IKK-i/TBK1 signaling is essential for both TLR3-dependent and TLR3-independent viral and dsRNA-induced IFN responses.
INTRODUCTION
Toll-like receptors (TLRs) are germline encoded receptors characterized by extracellular leucine-rich repeats followed by a transmembrane domain and a Toll-interleukin (IL)-1 receptor homology (TIR) domain. 1, 2 Different TLRs are responsible for the recognition of a variety of pathogenderived molecular patterns (PAMPs). These include bacterial lipoproteins, peptidoglycan, lipopolysaccharide (LPS), flagellin, un-methylated DNA with CpG motifs and viral double stranded (ds) RNA. Stimulation with PAMPs activates TLR signaling pathways and ultimately results in the pro-duction of chemokines and a set of pro-inflammatory cytokines, such as tumor necrosis factor α (TNF-α), IL-1, IL-6 and IL-12. In addition, type I interferon (IFN) is known to be produced upon stimulation with some PAMPs such as LPS and dsRNA. TLR signaling also induces the maturation of dendritic cells (DCs) and makes them competent for supporting mainly T helper 1 (Th1) cell development.
To date, 11 TLR family members have been identified. TLR1, TLR2, TLR6 and TLR10 show high similarity to each other in their amino acid sequences. TLR2/TLR6 and TLR1/TLR2 heterodimers recognize di-acyl and triacyl lipoproteins, respectively. Ligands of TLR10 have not yet been identified. TLR3 is involved in the cellular response to viral double-stranded RNA or poly(I:C). 3 TLR4 forms a complex with MD-2 and is essential for the response to LPS stimulation. Respiratory syncytial virus F protein is also reported to be recognized by TLR4. Bacterial flagellin is recognized by TLR5. TLR7 shares sequence similarity with TLR8 and TLR9. TLR7 can recognize single-stranded RNA as well as anti-viral small compounds imidazoquinolines. 4, 5 In humans, TLR8 is also implicated in single stranded RNA recognition. However, TLR8-deficient (TLR8 -/-) mice respond normally to single-stranded RNA. In contrast, TLR9 resides in lysosomes and senses bacterial DNA containing a CpG motif. Recently identified TLR11 is involved in the recognition of uropathogenic bacteria. 6 Stimulation with TLR ligands activates diverse signaling pathways leading to the activation of NF-κB, MAP kinases and IFN-regulatory factors (IRF). Here, we review the signaling pathways which emanate from TLRs, focusing on those which lead to the induction of IFN-β and IFN-inducible genes.
TLR signaling pathways
Although all IL-1R and TLR family members possess a TIR domain in their cytoplasmic region, individual TLRs activate distinct signaling pathways. Recent studies have shown that TIR domain-containing adaptor molecules determine the specificity of signaling. Most IL-1R/TLR family members, except TLR3, share at least one common signaling pathway via MyD88, an adaptor molecule which consists of a TIR domain and a death domain, leading to the nuclear translocation of NF-κB and the activation of MAP kinases such as c-Jun N-terminal kinase (JNK) and p38. TIR domain-containing adaptor protein (TIRAP), another adaptor molecule, can associate with MyD88 and is specifically involved in TLR2 and TLR4-induced cytokine production. 7 Upon stimulation by a ligand, MyD88 is recruited to the receptor complex, which then triggers autophosphorylation of IL-1R associated kinase 1 (IRAK1) and IRAK4. Activated IRAK released from the receptor binds and activates TNFR associated factor 6 (TRAF6) to stimulate the IκB kinase (IKK) complex and MAP kinase. Phosphorylation of IκB by the IKK complex induces degradation of IκB through the ubiquitin-proteosome pathway, and subsequent nuclear translocation of freed NF-κB mediates transcription of pro-inflammatory cytokine genes.
Although MyD88 -/cells did not produce detectable levels of pro-inflammatory cytokines in response to TLR ligands, stimulation of MyD88 -/cells with LPS induced delayed NF-κB activation and expression of IFNinducible genes. 8 The poly(I:C)-induced IFN response was also independent of MyD88. 3 Recent studies revealed that Toll/IL-1 domain containing adaptor inducing IFN-β (TRIF) mediates this MyD88-independent signaling pathway. TRIF -/mice or mice carrying a frame shift mutation resulting in a C-terminal truncation of TRIF, are defective in the production of cytokines and IFN-inducible genes in response to LPS and poly(I:C). 9,10 Analysis of MyD88/TRIF doubly deficient cells showed that TRIF is required for MyD88-independent NF-κB activation. TRIF can associate with TRAF6 through a N-terminal TRAF6 binding motif of TRIF and activate NF-κB. 11 In addition, TRIF recruits a kinase receptor interacting protein 1 (RIP1) through a C-terminal RIP homotypic interaction motif. 12 Poly(I:C)-mediated NF-κB activation was abolished in RIP -/cells, indicating that RIP is essential for TLR3-mediated NF-κB activation. Additionally, TRIF-related adaptor molecule (TRAM), another adaptor molecule with a TIR domain, is required for TLR4, but not TLR3-mediated IFN response. In TRAM -/mice, LPS-induced persistent NF-κB activation, and expression of IFN-inducible genes was defective. 13 
Essential role of IKK-i/TBK1 in IRF3 activation in response to LPS, poly(I:C) and viral infection
Inducible IκB kinase (IKK-i), also called IKKε, and Traf-family member-associated NF-κB activator (TANK)-binding kinase 1 (TBK1), also called T2K and NAK, were originally identified as IKK-related kinases. They can phosphorylate serine 36 of IκBα in vitro, and their overexpression induces NF-κB activation. Recently, several reports showed that IKK-i and TBK1 can directly phosphorylate IRF3 and IRF7 in vitro and can activate a luciferase reporter driven by the IFN-β promoter. 19, 20 To explore the in vivo function of IKK-i and TBK1, mice deficient for IKK-i and TBK1 were generated. IKK-i -/mice are viable and appear healthy, whereas TBK1 -/mice died at E14.5 because of massive liver degradation and apoptosis. 21, 22 Interestingly, embryonic lethality of TBK1 -/mice can be rescued by crossing with TNFRI -/mice, suggesting that TBK1 plays a critical role in TNF signaling.
To investigate the role of TBK1 and IKK-i in IFN response in vivo, embryonic fibroblasts (MEFs) were stimulated with LPS, and the expression of IFN-β and IFN-inducible genes were analyzed by Northern blot. Whereas IFN-β as well as IFN-inducible genes such as IP-10, ISG54, and IRG1 were strongly induced in wildtype MEFs, their induction was severely impaired in TBK1 -/-MEFs. 22, 23 In addition, intracellular introduction of poly(I:C) by lipofection resulted in the expression of IFN-β and IFN-inducible genes in wild-type MEFs. In contrast, poly(I:C)-mediated IFN response was severely reduced in TBK1 -/cells (Fig. 2) . Dimerization as well as nuclear translocation of IRF3 in response to LPS and poly(I:C) was also diminished in TBK1 -/cells. However, activation of NF-κB and the production of pro-inflammatory cytokines was not impaired (Fig. 2 , data not shown).
Bone marrow-derived macrophages (BMMs) from TBK1 -/-TNFRI -/mice were similarly defective in IFN-α/β as well as IFN-inducible gene expression in response to LPS and poly(I:C). 24 BMMs respond to poly(I:C) even when it is mixed in culture media without transfection. Stimulation of macrophages/DCs with poly(I:C) in this way activates the TLR3-dependent signaling pathway, indicating that TBK1 is responsible for the TLR3 and TLR4-induced IFN response. In contrast, IKK-i -/-MEFs produced IFN-β and IFN-inducible genes normally in response to LPS and poly(I:C) (Fig. 2) . Nevertheless, MEFs from IKK-i/TBK1 doubly deficient mice failed to express IFN-β and IFN-inducible genes in response to poly(I:C) (Fig. 2 ). In addition, reconstitution of TBK1 -/-MEFs with IKK-i rescued Sendai virus-induced IRF3 nuclear translocation as well as IFN-β gene expression. 24 Together, these results indicate the contribution of IKK-i in a signaling cascade leading to IFN-β activation in vivo. In contrast, MEFs from IKK-i and/or TBK1 mutated mice expressed IL-6 normally in response to poly(I:C). These observations demonstrate that TBK1 plays a critical role in activating IRF3 in response to poly(I:C) and LPS stimulation. The analysis of IKK-i/TBK1 doubly deficient MEFs further suggests that IKK-i plays a role in this pathway. It is worthwhile to note that MEFs from TLR3 -/mice respond normally to intracellular introduction of poly(I:C), implying the existence of intracellular receptor(s) other than TLR3 which can recognize dsRNA that has been introduced into cells. Given that TLR3 -/-MEFs show normal response to poly(I:C) stimulation, both TLR3-dependent and -independent IFN response against poly(I:C) and viral infection are controlled by IKK-i/TBK1 (Fig. 3 ).
PERSPECTIVE
In this review, we have focused on the TLR signaling pathway which emanates from TIR domain containing adaptor molecules and leads to IFN response. TLR3 and TLR4 signals induced by poly(I:C) or LPS activate NF-κB and IRF family members through MyD88-independent signaling pathway. A TIR domain containing adaptor molecules, TRIF, is then responsible for the transcription of IFN-inducible genes induced by TLR3 and TLR4 stimulation. In addition, IKK-related kinases, IKK-i and TBK1 are critical for phosphorylation of IRF3 and IRF7 induced by LPS and poly(I:C) leading to the IFN response.
Analysis of MEFs from IKK-i/TBK1 doubly deficient mice demonstrated that activation of IRF3 and the IFN response induced by LPS, poly(I:C), and viral infection requires IKK-i/TBK1. These observations show that these IKK-related kinases are essential not only for the TRIF-mediated signaling pathway, but also for the IFN response initiated by TLR-independent intracellular recogni-tion of viral components. Of note, when BMMs from TBK1 -/mice were challenged with Sendai virus, the type I IFN response was normal, whereas poly(I:C) failed to activate TBK1 -/-BMMs. 24 This demonstrates that viral components other than poly(I:C) are recognized by a TBK1independent mechanism specifically in macrophages/DCs. IKK-i may play a more important role in macrophages/DCs than in MEFs. Alternatively, it is also possible that viruses are recognized by an IKK-i and TBK1-independent mechanism in macrophages/DCs. Further analysis of IKK-i/TBK1 doubly deficient mice in a TNFRI -/background may elucidate the function of IKK-i/TBK1 in innate immune cells.
The mechanism by which invasive viral components are recognized by cellular machinery is an intriguing subject to explore. Since viruses are complex and diverse, the host must develop an elaborate mechanism to sense viral invasion. Future studies will help improve our understanding of the intricate virus-host relationship, allowing for more targeted therapeutic treatment of viral infection. Fig. 3 . Virus and poly(I:C) activate TLR3-dependent and independent signaling pathways. TLR3 recognizes dsRNA at the outside of the cells and activates TRIF. Then, activation of IKK-i/TBK1 causes phosphorylation of IRF3. In addition, viral dsRNA is recognized in the cytoplasm by unknown receptor(s) and also activates IKK-i/TBK1.
